Intraspecific variation in biomass production responses to elevated atmospheric carbon dioxide (eCO 2 ) could influence tree species' ecological and evolutionary responses to climate change. However, the physiological mechanisms underlying genotypic variation in responsiveness to eCO 2 remain poorly understood. In this study, we grew 17 Eucalyptus camaldulensis Dehnh. subsp. camaldulensis genotypes (representing provenances from four different climates) under ambient atmospheric CO 2 and eCO 2 . We tested whether genotype leaf-scale photosynthetic and whole-tree carbon (C) allocation responses to eCO 2 were predictive of genotype biomass production responses to eCO 2 . Averaged across genotypes, growth at eCO 2 increased in situ leaf net photosynthesis (A net ) (29%) and leaf starch concentrations (37%). Growth at eCO 2 reduced the maximum carboxylation capacity of Rubisco (−4%) and leaf nitrogen per unit area (N area , −6%), but N area calculated on a total non-structural carbohydrate-free basis was similar between treatments. Growth at eCO 2 also increased biomass production and altered C allocation by reducing leaf area ratio (−11%) and stem mass fraction (SMF, −9%), and increasing leaf mass area (18%) and leaf mass fraction (5%). Overall, we found few significant CO 2 × provenance or CO 2 × genotype (within provenance) interactions. However, genotypes that showed the largest increases in total dry mass at eCO 2 had larger increases in root mass fraction (with larger decreases in SMF) and photosynthetic nitrogen-use efficiency (PNUE) with CO 2 enrichment. These results indicate that genetic differences in PNUE and carbon sink utilization (in roots) are both important predictors of tree productivity responsiveness to eCO 2 .
Introduction
Burning of fossil fuels and land use change have contributed tõ 44% increase in the concentration of atmospheric carbon dioxide ([CO 2 ]) relative to pre-industrial times (Moss et al. 2010 , IPCC 2013 . Depending on future fossil fuel use, land use and climate-carbon cycle feedbacks, atmospheric [CO 2 ] could approach 500 μmol mol −1 by 2050 and 900 μmol mol −1 by the end of the 21st century (Moss et al. 2010 , IPCC 2013 . Experimental studies have shown that elevated concentrations of atmospheric CO 2 (eCO 2 hereafter) increase leaf photosynthesis and often increase tree and forest biomass production (Tissue et al. 1997 , Saxe et al. 1998 , DeLucia et al. 1999 , Norby et al. 2005 , although responses depend on species (Hollinger 1987 , Bazzaz et al. 1990 , Tjoelker et al. 1998 , Wang et al. 2012 , stand age (Voelker et al. 2006 , Norby et al. 2005 and site conditions (McCarthy et al. 2010 , Bader et al. 2013 ). Yet, there is also evidence that provenances or genotypes within tree species may vary in their productivity response to eCO 2 (Dickson et al. 1998 , Isebrands et al. 2001 , Mohan et al. 2004 , Cseke et al. 2009 ). These observations demonstrate that intraspecific (i.e., genotypic) variation may influence phenotypic responses to eCO 2 (i.e., phenotypic plasticity, Bradshaw 1965 , Nicotra et al. 2010 . Intraspecific variation in tree responses to eCO 2 could influence the ecological and evolutionary trajectory of species by providing growth or fitness advantages to some genotypes more than others (Ahmed et al. 1993 , Bazzaz et al. 1995 , Ward et al. 2000 , Ward and Kelly 2004 . Indeed, changes in atmospheric eCO 2 over geologic timescales have contributed to evolutionary change among and within plant species (Ward and Strain 1999 , Ward and Kelly 2004 , Becklin et al. 2014 . From a practical standpoint, tree genotypes that increase productivity more than others in response to eCO 2 could also be important for sustaining the productivity of managed forests under future climates , Aspinwall et al. 2012 , 2015 . Despite this, our understanding of the functional determinants of intraspecific variation in tree productivity responses to eCO 2 is limited.
Experimental studies, mostly with crop species, are beginning to examine how intraspecific variation influences plant productivity responses to eCO 2 (Ziska et al. 1996 , Bishop et al. 2015 , Sanz-Sáez et al. 2017 ). Yet, such studies are rare in forest tree species, include little genotypic diversity and rarely combine observations of tree growth or biomass production and physiological responses to eCO 2 (see meta-analysis by Resco de Dios et al. 2016a) . At the leaf-scale, eCO 2 increases in situ rates of leaf net photosynthesis (A net ) by increasing carboxylation and by reducing photorespiration (i.e., oxygenation). Sustained increases in A net often result in accumulation of nonstructural carbohydrates in leaves, greater leaf dry mass per unit area (LMA) and lower leaf nitrogen (N) concentrations (Curtis 1996 , Curtis and Wang 1998 , Tjoelker et al. 1999 , Medlyn et al. 1999 , Leakey et al. 2009 ). The increase in A net and decrease in leaf N at eCO 2 results in increased photosynthetic N-use efficiency (PNUE). However, the increase in leaf carbohydrates and decrease in leaf N at eCO 2 has been linked with reduced photosynthetic capacity (i.e., maximum rate of Rubisco carboxylation (V cmax ) and maximum rate of electron transport for RuBP regeneration (J max )), which is termed photosynthetic 'down-regulation'. Down-regulation occurs when photosynthate supply exceeds the demand or capacity of carbon (C) sinks (growth, defence, maintenance and respiration). The imbalance is sensed by mesophyll cells, which reduce the amount or activity of photosynthetic enzymes (i.e., Rubisco; Drake et al. 1997 , Norby et al. 1999 , Tissue et al. 1999 , Stitt and Krapp 1999 , Ainsworth and Long 2005 , Ainsworth and Rogers 2007 .
Reduced photosynthetic capacity limits the stimulation of A net at eCO 2 , and may limit plant productivity response to eCO 2 . Importantly, genotypic differences in physiological responses to eCO 2 , and photosynthetic down-regulation in particular, have not been widely examined in the context of tree genotype biomass production responses to eCO 2 . It is possible that genotypes that limit down-regulation of photosynthetic capacity at eCO 2 also show the largest productivity increases at eCO 2 .
While photosynthetic responses to eCO 2 may influence genotype biomass production responses to eCO 2 , associated changes in C allocation may be equally important. Pritchard et al. (1999) conceptually demonstrated how variable responses of photosynthesis and C allocation to eCO 2 influence plant productivity responses to eCO 2 . For instance, if eCO 2 reduces C limitation of photosynthesis, trees may allocate more C toward organs or functions involved in uptake of other limiting resources, such as nutrients (e.g., Hättenschwiler and Körner 1998 , Iverson et al. 2008 , Pritchard et al. 2008 . Furthermore, the results of the meta-analysis by Resco de Dios et al. (2016a) suggested that C allocation to roots, as well as other C sinks (e.g., respiration, root exudation, defence), may be dominant drivers of genotypic variation in productivity responses to eCO 2 more so than leaf-scale photosynthetic responses. Several studies have further shown that differences in genotype productivity responses to eCO 2 coincide with genotypespecific changes in whole-tree biomass allocation (e.g., leaves vs stems and roots, Cantin et al. 1996 , Ceulemans et al. 1996 , Isebrands et al. 2001 , Zhang et al. 2010 .
It is likely that photosynthetic responses and changes in C allocation go hand-in-hand in determining genotype productivity responses to eCO 2 . Genotypes that maintain high rates of starch synthesis and C export for growth or storage in sink tissues (e.g., roots), and limited carbohydrate accumulation in leaves, may show limited down-regulation of photosynthesis and sustained increases in biomass production at eCO 2 (e.g., Davey et al. 2006) . A feedback between genotype productivity and photosynthetic responses to eCO 2 is also possible where sink capacity (growth) influences source (photosynthesis) activity (Körner 2003 , Fatichi et al. 2014 ). For instance, as long as growth is the dominant C sink and growth responses to eCO 2 keep pace with C uptake via photosynthesis, little reduction in Rubisco content (estimated as total leaf N) or photosynthetic down-regulation may be expected. Although photosynthetic and C allocation responses to eCO 2 have been well-studied, further studies are required to test whether both responses combined can explain intraspecific variation in tree biomass production responses to eCO 2 .
Widely distributed Eucalyptus species with high levels of genetic diversity provide a useful and important model for examining intraspecific variation in biomass production responses to eCO 2 . Eucalypts are a key component of forest and woodland ecosystems throughout Australia and represent the most widely planted and commercially important forest tree genus in the world (Booth et al. 2015) . In this study we examined leaf-scale photosynthetic and whole-tree growth and C allocation responses of 17 Eucalyptus camaldulensis Dehnh. subsp. camaldulensis genotypes to eCO 2 . The genotypes represented four provenances from different climates. We expected that provenances, and genotypes within provenances, would vary in responsiveness to eCO 2 in terms of growth and physiological traits. We hypothesized that genotypic variation in biomass production responses to eCO 2 would be correlated with genotypic variation in the magnitude of photosynthetic down-regulation, changes in whole-tree biomass allocation or both responses combined. We expected that the magnitude of photosynthetic down-regulation (% change in V cmax ) would increase as starch and leaf nitrogen per unit area (N area ) increased and decreased, respectively, at eCO 2 . Finally, we predicted that genotypes that increased allocation to root biomass and maintained higher photosynthetic capacity at eCO 2 would show the largest biomass production responses to eCO 2 .
Materials and methods

Species and experimental conditions
Seventeen genotypes of E. camaldulensis subsp. camaldulensis (River Red Gum) were included in this study. Eucalyptus camaldulensis is the most widely distributed eucalypt in Australia and is an important component of woodland ecosystems. It is particularly abundant in floodplains and along riverbanks. The species is also one of the most widely planted and commercially important eucalypts in the world (Eldridge et al. 1993) . The subspecies, camaldulensis, is broadly distributed throughout the Murray-Darling River basin of New South Wales and Victoria, but its distribution also extends into parts of Queensland and South Australia. The subspecies distribution extends across significant gradients of temperature (mean annual temperature range 13.6-19.2°C) and precipitation (mean annual precipitation range is 275-750 mm). Previous work has found limited genetic structure among populations within this subspecies (Dillon et al. 2015) . Nevertheless, substantial genotypic variation likely exists within this species, and provenances may still differ in their response to eCO 2 .
The experimental design of this study is described in Resco de Dios et al. (2016b) and Blackman et al. (2016) . Briefly, each genotype was a clone of a seedling originating from a single open-pollinated mother tree (i.e., half-sib family). Of the 17 genotypes, five shared a common mother with one or two other genotypes. The mother trees originated from four provenances representing different geographic and climatic origins ( Table 1) . The genotypes were prepared via vegetative propagation of rooted cuttings. The cuttings were established in 38 mm diameter × 210 mm tall containers filled with potting mix, and grown in a common shade house for roughly 2 months. The cuttings were transplanted into 7.0 l cylindrical (15 cm wide × 40 cm long) pots filled with 7.5 kg of coarse textured soil (pH = 6.5) (Australian Native Landscape Pty, Ltd, Badgerys Creek, NSW, Australia), and grown in a naturally lit glasshouse facility. At transplanting, average stem length (L) and basal diameter (D) were 24.4 ± 0.6 cm and 1.8 ± 0.04 mm, respectively. Nutrient limitations were eliminated by fertilizing every 14 days with a commercial liquid fertilizer (500 ml Aquasol at 1.6 g l −1
; 23% N, 4% P, 18% K, 0.05% Zn, 0.06% Cu, 0.0013% Mo, 0.15% Mn, 0.06% Fe, 0.011% B; Yates Australia, Padstow, NSW, Australia).
Five to 13 replicate plants of each genotype were grown under two atmospheric CO 2 treatments; ambient atmospheric CO 2 (aCO 2 ) and eCO 2 . The number of replicate plants for each genotype varied due to unevenness in cutting establishment during propagation. A total of 214 plants were included in the study. Replicate plants of each genotype were first split into two groups assigned to either the aCO 2 or eCO 2 treatment. The aCO 2 and eCO 2 groups were then further subdivided into two groups that were randomly assigned to one of two glasshouse rooms. Figure S1 available as Supplementary Data at Tree Physiology Online). Plants were rotated within each treatment room on a weekly basis, and groups of plants were rotated between replicate treatment rooms on a monthly basis to reduce potential room or location effects on plant performance. Mean daytime and night-time air temperature and relatively humidity within the glasshouse were 25 and 17°C, and 45% and 60%, respectively, which is representative of average summer values in Richmond (see Figure S1 available as Supplementary Data at Tree Physiology Online). All pots were hand-watered daily or every other day to ensure that soil moisture was not limiting.
Plant growth measurements
Plants were harvested after 77 days of growth under the treatment conditions. At harvest, L and D were measured, and the total number of leaves counted. Stem volume (V, mm 3 ) was cal- ) of each plant was determined by measuring the projected leaf area of all leaves using a leaf area metre (LI-3100C, Li-Cor Inc., Lincoln, NE, USA). Leaf, stem and root dry mass (g) were determined after oven-drying at 70°C to a constant mass, and the dry mass of each component summed to estimate total tree dry mass. Allocation to different biomass pools, relative to total biomass, was determined for each plant by calculating leaf mass fraction (LMF, g g ). Leaf area ratio (LAR, cm 2 g −1 ) was calculated as the ratio of total leaf area to total plant dry mass. Leaf dry mass per unit area (LMA, g m −2 ) was calculated as the ratio of leaf dry mass to leaf area. Leaf mass fraction, LAR and LMA are interrelated; LAR is the product of LMF and specific leaf area (SLA, cm 2 g −1
, the inverse of LMA).
Gas exchange measurements
Leaf-level net photosynthesis CO 2 response (A-C i ) curve measurements were made on all replicates of each genotype in each growth CO 2 treatment using eight cross-calibrated Li-Cor 6400XT portable infrared gas analysers (Li-Cor Inc.), each fitted with a 2 × 3 cm cuvette head and a red and blue LED light source. The A-C i curve measurements were made on mature, fully expanded, upper canopy leaves across 5 days after roughly 10 weeks of growth under the CO 2 treatments. For all measurements, light conditions within the cuvette were controlled at a photosynthetic photon flux density of 1800 μmol m −2 s −1 and block temperature was fixed at 25°C. The Li-Cor 6400XT desiccant tubes were used to control (i.e., bypass or scrub) water vapour inside the cuvette so that vapour pressure deficit (VPD) of the leaf was between 1.2 and 1.8 kPa. Across all measurements, average VPD inside the cuvette was 1.4 ± 0.26 (standard deviation) kPa. Prior to beginning each A-C i curve, steady-state rates of leaf net photosynthesis (A net , μmol m −2 s −1
) and stomatal conductance to water vapour (g s , mol m −2 s −1
) were measured at the growth [CO 2 ] (i.e., 400 or 640 μmol mol
−1
). Instantaneous wateruse efficiency (iWUE, μmol mol −1 ) was calculated as the ratio of A net to g s . Following steady-state measurements, A-C i curves were produced by measuring A net at a series of reference CO 2 (C a ) concentrations: 0, 50, 100, 150, 200, 250, 400, 640, 850 and 1000 μmol mol . The biochemical model of photosynthesis (Farquhar et al. 1980 ) was used to parameterize the A-C i curve data for each plant. The model estimates the maximum rate of Rubisco carboxylation (V cmax ; μmol m −2 s −1
) and the maximum rate of electron transport for RuBP regeneration under saturating light (J max ; μmol m −2 s
). As leaf mesophyll conductance to CO 2 was not estimated, V cmax and J max are apparent values based on intercellular [CO 2 ] (C i ) rather than [CO 2 ] concentration at the chloroplast. The model was fit using the plantecophys package (Duursma 2015) in R v. 3.0.1 (R Development Core Team 2013). We determined the degree of photosynthetic downregulation at eCO 2 by comparing estimates of V cmax and J max between plants grown at aCO 2 and eCO 2 . If down-regulation occurred, we expected that V cmax and/or J max would be significantly lower in plants grown at eCO 2 compared with those grown at aCO 2 . If photosynthetic down-regulation to eCO 2 was genotypedependent, we expected that the direction and magnitude of change in V cmax and/or J max in response to eCO 2 would vary among genotypes.
Leaf C, N, Δ 13 C and non-structural carbohydrates
Leaf C and N content, as well as carbon isotope discrimination (Δ 13 C), were determined on a subsample of dried leaf material from each plant collected at the harvest. Leaves were ground into a fine powder using a ball grinder, stored under desiccation, and leaf C and N content were determined using a combustion elemental analyser (CE Instruments, Wigan, UK). Nitrogen per unit leaf area (N area , g Nm −2 ) was calculated as the product of % N and LMA. %N was also expressed on a mass-basis (N mass , mg
) was calculated as the ratio of A net to N area . The maximum rate of Rubisco carboxylation per unit leaf N (V cmax,N ) was calculated as the ratio of V cmax to N area .
Leaf 13 C composition (δ 13 C leaf ) was measured using an Isochrom continuous-flow mass spectrometer (Micromass, Manchester, UK) following combustion in the elemental analyser. δ 13 C leaf was converted to discrimination values using mean values for previously measured 13 C composition of air in the aCO 2 and eCO 2 treatments in the glasshouse (δ 13 C air ; −9.83‰ and −17.02‰ for aCO 2 and eCO 2 , respectively, relative to Vienna Pee Dee Belemnite; Lewis et al. 2015) . Leaf carbon isotope discrimination is inversely related to δ 13 C leaf , and is calculated as:
/1000 1 13 13 air 13 leaf 13 leaf Δ 13 C is an inverse measure of stomatal limitation to photosynthesis. If g s declines without a change in photosynthesis (A) or vice versa, C i should also decline given that C i = C a -A/g s . Thus, Δ 13 C reflects C i /C a and is negatively associated with the ratio of A to g s , when mesophyll conductance is not limiting. Following Tissue and Wright (1995) , concentrations of leaf non-structural carbohydrates (starch, soluble sugars; mg g −1 ) were determined from ground leaf material of all trees of eight randomly selected genotypes, with at least one genotype selected from each provenance. Since carbohydrates can represent a significant but variable proportion of leaf mass, 
where LM is the dry mass (g) of the sampled leaf, TNC is the leaf TNC concentration in g TNC g −1 leaf dry mass, and LA is the leaf
) of the sampled leaf. TNC-free N area was calculated as:
where N is leaf N in g N g −1 leaf dry mass. TNC-free PNUE was calculated as the ratio of A net and TNC-free N area .
Data analysis
All statistical analyses were conducted in SAS v9.3 (SAS Institute Inc., 2011). CO 2 treatment (CO 2 ), provenance, genotype within provenance, CO 2 × provenance and CO 2 × genotype within provenance effects on all response variables were tested using a linear mixed model (PROC MIXED) in the form:
where Y ijkl represents the response variable (e.g., total tree dry mass, A net , N area ), CO 2i represents the ith CO 2 treatment, P j represents the jth provenance, and G k represents the kth genotype from within the jth provenance. All other terms represent the respective interactions and ε ijkl represents the residual term. We did not include 'room' or 'group' within CO 2 treatment as Table 2 . Analysis of variance for CO 2 , provenance (P), genotype within provenance (G(P)), CO 2 × P and CO 2 × G(P) effects on Eucalyptus camaldulensis subsp. camaldulensis growth and leaf traits. Numerator and denominator degree of freedom (df) and F-values (P-value in parentheses) are presented for each variable and effect. The following variables were natural-log-transformed to fulfil assumptions of normality: root dry mass (DM), gs, iWUE.
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We examined the effects of eCO 2 and genotype responses to eCO 2 by calculating the percent change in mean growth, biomass, and leaf trait values (100 × (mean at eCO 2 − mean at aCO 2 )/(mean at aCO 2 )) for each genotype. For a given genotype, the percent change in a particular trait in response to eCO 2 is also a measure of phenotypic plasticity (i.e., phenotypic plasticity index, Valladares et al. 2006) . We then used linear regression (PROC REG) to test whether genotypic variation in individual photosynthetic (A net , V cmax , J max , N area , PNUE, V cmax,N starch) and biomass allocation (e.g., LMF, SMF, RMF, LAR, LMA) trait responses to eCO 2 were significant predictors of genotype total dry mass responses to eCO 2 . Stepwise multiple linear regression (i.e., model selection, PROC REG) was used to determine whether genotypic variation in multiple physiological and biomass allocation trait responses to eCO 2 were more effective at predicting genotype total dry mass responses to eCO 2 . All tests of statistical significance were conducted at an alpha of 0.05.
Results
Elevated CO 2 effects on leaf physiology and tree growth Averaged across provenances and genotypes, eCO 2 had strong effects on most physiological traits. Elevated CO 2 increased in situ A net by 29% and reduced g s by 13%, resulting in increased water use efficiency (iWUE increased 57%, Δ 13 C decreased 8%) (Tables 2 and 3) . Plants grown at eCO 2 showed a small but significant reduction in V cmax (−4%) compared with plants grown at aCO 2 (Tables 2 and 3 ). However, eCO 2 had no significant effect on J max , such that the ratio of J max to V cmax increased by 5% in trees grown at eCO 2 (Tables 2 and 3 ). The reduction in V cmax at eCO 2 was accompanied by a 37% increase in leaf starch concentrations and a 6% decline in N area . However, TNC-free Table 3 . Mean (± standard error, n = 107) values for growth and leaf traits for E. camaldulensis trees growing under ambient and elevated atmospheric CO 2 (aCO 2 , eCO 2 ). % change was calculated at the change in the mean value at eCO 2 relative to the mean value at aCO 2 . DM, dry mass. (Tables 2 and 3 ), indicating that eCO 2 effects on N area were primarily driven by the eCO 2 effect on leaf starch (i.e., dilution effect). Even so, growth at eCO 2 caused PNUE to increase substantially (33-35%) regardless of whether PNUE was calculated based on N area or TNC-free N area (Tables 2 and 3) . Plants grown at aCO 2 and eCO 2 had similar rates of V cmax per unit N area . Averaged across provenances and genotypes, eCO 2 significantly increased plant growth and biomass production. Plants grown at eCO 2 showed 9-23% higher leaf, stem, root and total dry mass compared with plants grown at aCO 2 (Tables 2 and 3) . Plants grown at eCO 2 also showed higher stem D (10%) and stem V (20%), but LA and stem L did not differ between aCO 2 and eCO 2 plants (Tables 2 and 3 ).
Growth at eCO 2 reduced SMF and LAR by 9% and 11%, respectively. In contrast, growth at eCO 2 increased LMF and LMA by 5% and 18%, respectively (Tables 2 and 3 ). Elevated CO 2 also increased TNC-free LMA by 15% indicating that increased LMA at eCO 2 was not solely caused by carbohydrate accumulation at eCO 2 (Tables 2 and 3 ). Averaged across genotypes, RMF and number of leaves per plant were unaltered by growth at eCO 2 (Tables 2 and 3 ).
Genotype and provenance responses to elevated CO 2
The overall range in genotype responses to eCO 2 was large for most physiological and growth traits. For example, across all genotypes, mean responses to eCO 2 ranged from 12% to 43%, −35% to 70%, and 8% to 117% for in situ A net , g s and iWUE, respectively ( Figure 1a) . Total dry mass responses to eCO 2 for individual genotypes also ranged widely, from 0% to 50% (Figure 1b) . However, we found no statistically significant CO 2 × genotype within provenance interactions (at P ≤ 0.05). This was apparently the result of substantial within-genotype variation, such that 95% confidence intervals for genotype mean values at aCO 2 and eCO 2 were large and often overlapped between treatments (see Figure S2 available as Supplementary Data at Tree Physiology Online).
Genotype mean total dry mass under aCO 2 was not a significant predictor of genotype total dry mass responsiveness (% change) to eCO 2 (r 2 = 0.20, P = 0.43 Only one trait, V cmax , showed a CO 2 × genotype (G) within provenance interaction that was bordering on significant (P = 0.06, Table 2 ). Across all genotypes, both increases and decreases in V cmax at eCO 2 were observed (Figure 2) . In most cases, the change in V cmax at eCO 2 was not significant for individual genotypes. However, a significant reduction in V cmax at eCO 2 was observed for genotypes F (P = 0.02) and O (P = 0.006) Figure 1 . Box-plots for genotype growth and leaf trait responses to elevated CO 2 (100 × (mean at eCO 2 -mean at aCO 2 )/(mean at aCO 2 )) for 17 genotypes of Eucalyptus camaldulensis subsp. camaldulensis representing four provenances. Five to 13 replicate plants of each genotype were grown under each CO 2 treatment. The boxes represent the interquartile range (25th-75th percentile) of genotype responsiveness to elevated CO 2 . The lower and upper whiskers represent the 10th and 90th percentiles, respectively. Filled circles represent genotype responses that fall outside the 10th and 90th percentiles. Within each box plot, the mean response to elevated CO 2 across all genotypes is shown as a dotted line, and the median response is shown as a solid line. DM, dry mass.
( Figure 2 ). Changes in N area and leaf starch at eCO 2 are expected to be associated with changes in V cmax . We found that changes in N area (or TNC-free N area ) and leaf starch at eCO 2 did not explain changes in V cmax at eCO 2 for individual genotypes (Figure 3a-c) . However, excluding one genotype that showed a reduction in PNUE at eCO 2 , we found that genotypes which showed larger reductions in V cmax at eCO 2 also showed smaller increases in PNUE at eCO 2 and vice versa (Figure 3d ).
Significant CO 2 × provenance (P) interactions were observed for soluble sugars and LMF sugars (Table 2) . Provenances increased or decreased soluble sugars at eCO 2 , but these responses did not appear to be related to provenance home climate conditions (see Figure S6a available as Supplementary Data at Tree Physiology Online). The warmest origin provenance showed higher LMF than the coolest origin provenance across both CO 2 treatments, and neither provenance varied LMF with CO 2 treatment (see Figure S6b available as Supplementary Data at Tree Physiology Online). The two remaining provenances showed low LMF at aCO 2 , but significant increases in LMF (11-14%) at eCO 2 (see Figure S6 available as Supplementary Data at Tree Physiology Online).
Genotype productivity responses to eCO 2 : the importance of whole-tree C allocation and photosynthetic responses to eCO 2
We tested whether genotypic variation in total dry mass responses to eCO 2 were explained by genotypic variation in photosynthetic responses, changes in whole-tree biomass allocation or both responses combined. We found that genotypic variation in photosynthetic trait (e.g., V cmax , N area , starch) responses to eCO 2 were not strongly related to genotype total dry mass responses to eCO 2 (Figure 4) . However, genotype total dry mass responses to eCO 2 were negatively and positively associated with genotype SMF and RMF responses to eCO 2 , respectively ( Figure 5) . In other words, genotypes that decreased SMF and increased RMF in response to eCO 2 showed larger increases in total dry mass production at eCO 2 . Indeed, genotype SMF and RMF responses to eCO 2 were inversely related (r 2 = 0.55, P < 0.001).
When combining all C allocation and photosynthetic responses to eCO 2 together and fitting the most parsimonious model, we found that allocation to stems and roots, as well as PNUE, were significant predictors of genotype biomass production responses to eCO 2 . Starch was only measured on 8 of 17 genotypes, so we ran the model with and without starch. In the model without starch, we found that genotype biomass production responses to eCO 2 were negatively and positively associated with genotype SMF and PNUE responses to eCO 2 , respectively (r 2 = 0.57, Table 4 , Figure 6a ). Genotype SMF and RMF responses to eCO 2 were inversely related, so this also meant that genotype RMF and PNUE responses were both positively associated with genotype productivity responses to eCO 2 (r 2 = 0.45, P = 0.02). The model including starch also indicated that genotype RMF and PNUE responses to eCO 2 were positively associated with genotype productivity responses to eCO 2 (r 2 = 0.93, Table 4 , Figure 6b ). We conclude that genotypes that were most responsive to eCO 2 also exhibited a larger increase in RMF and PNUE, and a larger decrease in SMF.
Discussion
We examined variation in plant growth and physiological responses to eCO 2 across 17 genotypes of E. camaldulensis, representing four provenances. We tested whether genotypic variation in productivity responses to eCO 2 were explained by genotypic variation in photosynthetic down-regulation, changes in whole-tree biomass allocation or both responses combined. Despite a wide range of genotype responses to eCO 2 , few significant CO 2 × provenance or CO 2 × genotype within Genotypes with an '*' symbol showed a significant change in V cmax in response to CO 2 (P < 0.05). Five to 13 replicate plants of each genotype were grown under each CO 2 treatment.
Tree Physiology Online at http://www.treephys.oxfordjournals.org provenance interactions were observed. We found that genotype biomass allocation responses to eCO 2 were important predictors of genotype productivity responses to eCO 2 , but genotype photosynthetic responses to eCO 2 alone were not. On the other hand, combining both biomass allocation and photosynthetic responses to eCO 2 , we found that genotypes that increased RMF at the expense of SMF and increased PNUE at eCO 2 showed increased productivity at eCO 2 . We conclude that genotype C allocation and photosynthetic responses to eCO 2 are both important predictors of genotype productivity responses to eCO 2 in E. camaldulensis subsp. camaldulensis. These results provide insight into the mechanisms underlying intraspecific variation in tree responses to eCO 2 .
Elevated CO 2 effects on leaf physiology, tree growth and C allocation
Averaged across genotypes, the physiological response of E. camaldulensis to eCO 2 was similar to observations in other species and studies. For instance, the average increase in A net that we observed (29%) is similar to the average increase in A net observed across tree species in meta-analyses (Curtis and Wang 1998 , Medlyn et al. 1999 , Ainsworth and Long 2005 , Ainsworth and Rogers 2007 . The average reduction in g s that we observed at eCO 2 (−13%) is slightly lower than the average reduction in g s observed across many tree species (−18% to −21%, Medlyn et al. 2001 , Ainsworth and Long 2005 , Ainsworth and Rogers 2007 . Similar to many previous Tree Physiology Volume 38, 2018 studies, we found that plants grown at eCO 2 showed a large increase in PNUE regardless of whether PNUE was calculated using N area or TNC-free N area . We also found that growth at eCO 2 significantly reduced V cmax and N area , and substantially increased leaf starch. The observed reduction in V cmax was slightly less than that observed across a wide range of tree species growing under various experimental conditions including different concentrations of eCO 2 (−6 to −10%, Medlyn et al. 1999 , Ainsworth and Long 2005 , Ainsworth and Rogers 2007 . However, the reduction in V cmax at eCO 2 is expected to be limited in experiments such as ours where trees are young, fast growing and fertilized (Hovenden 2003 , Davey et al. 2006 , Liberloo et al. 2007 ). Nonetheless, it appears that the effects of eCO 2 on photosynthetic capacity are conservative across genotypes of E. camaldulensis subsp. camaldulensis.
Previous studies have concluded that carbohydrate accumulation triggers a reduction in total leaf N, and thus a reduction in V cmax (i.e., down-regulation, Tissue et al. 1993 , Long et al. 2004 , Leakey et al. 2009 . A reduction in total leaf N could lead to photosynthetic down-regulation given that photosynthetic proteins make up roughly 70% of leaf N, with Rubisco accounting for a large proportion (~20% of leaf N, Evans and Seemann 1989) . However, we observed no significant reduction in N area after accounting for the mass of non-structural carbohydrates (mostly starch). Thus, starch accumulation appeared to cause a decline in N area , but total leaf N was not reduced by growth at eCO 2 and the reduction in V cmax did not coincide with a corresponding reduction in total leaf N. Interestingly, J max was not reduced at eCO 2 , which caused J max /V cmax to increase. An increase in J max /V cmax at eCO 2 has been observed in several other studies and has been interpreted as a shift in N allocation Tree Physiology Online at http://www.treephys.oxfordjournals.org towards RuBP regeneration at the expense of Rubisco (Sage 1994 , Sharwood et al. 2017 . It is possible that shifts in N allocation, rather than a reduction in total leaf N, explain the small reduction in V cmax observed in our study.
The average increase in in situ A net at eCO 2 (29%) was greater than the average increase in total plant dry mass at eCO 2 (19%). Thus, at a coarse-scale, the increase in leaf C fixation did not scale with the increase in total plant dry mass, possibly due to variation in C allocation to growth or storage in different organs, respiration and defence (Norby et al. 1987 , 1992 , Saxe et al. 1998 , Körner 2003 , Fatichi et al. 2014 ). Although we did not measure respiration or defence compounds, much of the additional C was used to produce more roots and thick (i.e., high LMA) leaves with high carbohydrate concentrations. In fact, multiplying the average total non-structural carbohydrate (starch + sugar) concentration of aCO 2 and eCO 2 leaves (126 and 151 mg g −1 , respectively) by the average total leaf mass of aCO 2 and eCO 2 plants (5.72 and 7.03 g, respectively), we find that total canopy carbohydrate content was~50% higher in eCO 2 trees (721 mg g −1 vs 1062 mg g
−1
). In addition, the increase in LMA at eCO 2 was only partially explained by an increase in leaf carbohydrates, as TNC-free LMA remained significantly higher at eCO 2 . This suggests that eCO 2 increased leaf thickness or tissue density by increasing either the size or number of mesophyll cells (Radoglou and Jarvis 1990) , cell wall thickness or other aspects of leaf ultrastructure (Oksanen et al. 2001 , Staudt et al. 2001 .
The increases in total plant dry mass coincided with an increase in leaf (23%) and root biomass (22%), but not stem biomass (8%). Moreover, growth at eCO 2 increased allocation to leaf biomass at the expense of stem biomass; LMF increased while SMF decreased. The increase in LMF can be mostly attributed to an increase in LMA, as total canopy leaf area increased only slightly, LAR decreased, and the number of leaves per plant did not increase at eCO 2 . In general, these observations fit with other studies where leaf area shows little or no response to eCO 2 (e.g., Duursma et al. 2016) , and LAR decreases at eCO 2 (Pritchard et al. 1999 , Poorter and Navas 2003 , Temme et al. 2015 . The modest increase in total stem biomass was driven by an increase in stem diameter but not stem length (i.e., height), indicating preferential C allocation to secondary growth (i.e., xylem, phloem) over primary growth in apical meristems (Pritchard et al. 1999) . We conclude that leaves and especially roots, rather than stems, were the primary C sinks for growth and storage at eCO 2 .
Intraspecific variation influences tree responses to elevated CO 2 : patterns and potential mechanisms Genotypes within provenances differed in nearly every measured trait, and the percent change in genotype growth and leaf trait values between aCO 2 and eCO 2 often varied considerably. Yet, no significant CO 2 × genotype (within provenance) interactions were observed. We also found very few significant CO 2 × provenance interactions, and these interactions were not clearly linked with the climatic origin of each provenance. Other studies involving woody plant species have demonstrated that provenances from different climates may differ in response to eCO 2 (e.g., Mohan et al. 2004) or may show common responses to eCO 2 (Huang et al. 2015) . Further work is required to identify common patterns in species and provenance responses to eCO 2 . Nonetheless, we conclude that provenances or genotypes within provenances of E. camaldulensis subsp. camaldulensis may not differ substantially in their response to increasing atmospheric CO 2 .
Despite observing no significant CO 2 × genotype interactions, we did observe a CO 2 × genotype interaction for V cmax that bordered on significant, hinting at differences in photosynthetic downregulation (or up-regulation) among genotypes. Photosynthetic down-regulation at eCO 2 has been correlated with an accumulation of non-structural carbohydrates and a reduction in total N area , Rubisco activity or Rubisco content (Rogers et al. 1998 , Stitt and Krapp 1999 , Ainsworth and Long 2005 . We found that changes in N area (or TNC-free N area ) and starch were not associated with changes in V cmax at eCO 2 for individual genotypes. Thus, changes in N area and starch at eCO 2 could not explain the degree to which genotypes changed V cmax at eCO 2 . Alternatively, we found that genotypic variation in the response of PNUE to eCO 2 was associated with the degree to which genotypes changed V cmax at Table 4 . Summary of stepwise multiple linear regression analyses used to determine the relationship between genotype C allocation and photosynthetic responses to eCO 2 (independent variables), and genotype total dry mass responses to eCO 2 (dependent variable). Note, all variables included in the model (dependent and independent) are in units of percent change at eCO 2 . When the parameter estimate of an independent variable is negative, it indicates that a negative response to eCO 2 (% change) is related to a positive response (% change) in the dependent variable, and vice versa. Figure 6 shows relationships between predicted and observed percent change in total dry mass at eCO 2 for each model. (Sage et al. 1989 , Davey et al. 1999 , Medlyn 1996 , Medlyn et al. 1999 . Nonetheless, our results indicate that genotypes within species may show small differences in photosynthetic down-regulation at eCO 2 , and these differences are associated with genotypic differences in PNUE at eCO 2 .
A major aim of this study was to determine which traits were associated with genotypic variation in productivity responses to eCO 2 . The analysis by Resco de Dios et al. (2016a) indicated that variation in C allocation may be a stronger predictor of genotypic variation in productivity responses to eCO 2 than leaf-scale photosynthetic responses. Even so, there is some evidence that species differences in stimulation of leaf-scale net photosynthesis at eCO 2 is predictive of species productivity responses to eCO 2 (Major et al. 2014 (Major et al. , 2017 .
Our results indicate that changes in V cmax at eCO 2 were not directly related to genotypic variation in productivity responses to eCO 2 and vice versa. Thus, a feedback between productivity responses to eCO 2 and photosynthetic responses to eCO 2 was not apparent across genotypes. However, the association between changes in V cmax and PNUE at eCO 2 highlighted above is notable given that PNUE responses to eCO 2 partially explained differences in genotype productivity responses to eCO 2 . Thus, genotypes that showed little or no decline in V cmax at eCO 2 also showed greater stimulation of PNUE, and stimulation of PNUE contributed to larger productivity responses to eCO 2 . We are not aware of other studies that have identified a link between genotype leaf-scale PNUE responses to eCO 2 and genotype productivity responses to eCO 2 . Yet, some studies have indicated that greater whole-tree N-use efficiency is positively associated with intra-and intraspecific variation in productivity responses to eCO 2 Jarvis 1999, Calfapietra et al. 2007 ).
We also found that genotype total dry mass response to eCO 2 showed a strong positive correlation with genotype root dry mass response to eCO 2 . Thus, the productivity response of a genotype to eCO 2 also appears to be linked with its capacity to utilize root biomass as a carbon sink. Some degree of autocorrelation has likely influenced this result since many of the wholetree C allocation traits are correlated or mathematically related. Even so, studies in other tree species and crop plants also suggest that genotypic variation in C allocation or biomass partitioning may be an important regulator of genotype productivity under eCO 2 (Ceulemans et al. 1996 , Dickson et al. 1998 , Kubiske et al. 1998 , Cseke et al. 2009 , Bishop et al. 2015 .
While our results provide insight into mechanisms influencing tree genotype productivity responses to eCO 2 , our study possessed some limitations. It was clear that substantial withingenotype variation resulted in few significant CO 2 × genotype within provenance interactions (see Figure S2 available as Supplementary Data at Tree Physiology Online). This may have been the result of a combination of factors including inadequate Figure 6 . Relationships between predicted and observed genotype total dry mass (DM) responses at eCO 2 (% change) for the linear regression models in Table 3 . Panel (a) shows the predicted vs observed response of total dry mass to eCO 2 when leaf starch is excluded (Table 3 , Model 1, without starch, n = 17). In this model, genotype stem mass fraction (SMF) and photosynthetic N-use efficiency (PNUE) are the strongest predictors of genotype productivity responses to eCO 2 . Panel (b) shows the predicted vs observed responses of total dry mass to eCO 2 when leaf starch is included (Table 3 , Model 2, with starch, n = 8). In this model, genotype root mass fraction (RMF) and PNUE are the strongest predictors of genotype productivity responses to eCO 2 among 17 genotypes of E. camaldulensis representing four provenances grown under ambient CO 2 and elevated CO 2 .
Tree Physiology Volume 38, 2018 sample sizes for some genotypes, modest variation in environmental conditions within treatment rooms, and the degree to which a genotype is expressed. It is also not clear whether results of shortterm studies with potted seedlings can be extrapolated to the response of larger trees in the field. In addition, we recognize that tree genotype responses to eCO 2 could be strongly influenced by changes in temperature, precipitation and nutrient availability; all factors that were controlled in our glasshouse experiment. Despite these limitations, our results indicate that genotypic differences in plasticity of PNUE and C allocation might be important determinants of genotype responsiveness to eCO 2 . Future experiments will need to address these challenges and go beyond the correlative approaches of this study to provide more definitive answers regarding the mechanisms underlying tree genotype responses to eCO 2 .
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